0.04 6 0.28 kPa and for hydrogen ion concentration 2 0.05 6 2.2 nmol/l. We conclude that in rats, continuous blood gas monitoring with a photochemical blood gas sensor provides pO 2 , pCO 2 and pH measurements with acceptable accuracy.
Conventional blood gas analyses may not detect rapid changes in gas exchange which occur during respiratory distress syndrome and its treatment. Additionally, intermittent blood withdrawal can result in hypovolaemia and anaemia especially in small animals. In this context a signi cant improvement has been achieved by the development of intravascular photochemical blood gas and pH sensors like the Paratrend 71 sensor. This sensor has a diameter of approximately 0.5 mm and can be inserted intravascularly through a 20-gauge cannula. Optical bres measure pH and blood gases, and a thermocouple is used to measure temperature. Oxygen saturation, and bicarbonate and base excess are computed continuously.
The applicability of such sensors has been studied in adult as well as paediatric patients with a body weight as low as 2.7 kg (Zimmerman & Dellinger 1993 , Abraham et al. 1996 , Venkatesh & Hendry 1996 , Hatherill et al. 1997 , Weiss et al. 1999 , Coule et al. 2001 . Because studies on lung injury and its treatment options are often performed on smaller animals we tested the hypothesis that such devices can also be used for continuous blood gas monitoring in rats. For this purpose we compared continuous and intermittent blood gas 
Summary
Studies on lung injury and its treatment options are often performed on small animals like rats. Because conventional blood gas analyses may not detect rapid changes in gas exchange during respiratory distress syndrome and intermittent blood withdrawal can result in hypovolaemia and anaemia, we tested the applicability and accuracy of a continuous intravascular blood gas monitor (Paratrend 71 ). Anaesthetized and ventilated rats with a body weight of 398 6 45 g (n 5 22) had a 20-gauge cannula inserted in both carotid arteries. A photochemical blood gas sensor for continuous measurement (Paratrend 71 ) was advanced into the aorta via the left carotid artery. Blood was sampled for intermittent blood gas analysis by means of the right carotid artery. Arterial pO 2 was varied by applying different inspiratory oxygen concentrations, and arterial pCO 2 by applying different respiratory rates. Paired blood gas measurements (n 5 136) were analysed over a wide range of pO 2 values (5.3-76.8 kPa). We found an acceptable correlation for pO 2 (r 2 5 0.98), pCO 2 (r 2 5 0.96) and pH (r 2 5 0.92). The calculated bias and imprecision for pO 2 was 2 1.0 6 3.3 kPa, for pCO 2 measurements and varied arterial pO 2 , pCO 2 and pH over a wide range.
Methods

Animal preparation
The study was performed in accordance with the principles of laboratory animal care (NIH publication No. 86-23, revised 1985 , EU/German legislation) and with the approval of the local District Animal Investigation Committee. Male adult Wistar rats (n 5 22) with a body weight between 280 and 537 g (398 6 45 g, mean 6 standard deviation) were anaesthetized with 50 mg/kg s-ketamine (Ketanest S, Parke-Davis, Berlin, Germany) injected intraperitoneally. Thereafter, the trachea was intubated with a 14-gauge cannula (Ven on, Becton Dickinson, Helsingborg, Sweden). The lungs were ventilated with a small animal ventilator (mod. 40-1003, Harvard Apparatus, Edenbridge, UK) using the following settings: a tidal volume of 6 ml/kg body weight, a respiratory rate of 60 breaths/min, an inspiratory/expiratory ratio of 1:1, an end-expiratory pressure of 5 cmH 2 O and an inspiratory oxygen concentration of 1.0. Medical gases were supplied by AGA Linde Healthcare (Unterschleißheim, Germany). Anaesthesia was maintained by infusion of 25 mg/kg/h a -chloralose (Sigma Chemical, St Louis, MO, USA) via a jugular venous catheter (24 G, Introcan-W, Braun, Melsungen, Germany). In addition, 5 ml/h saline 0.9% (Braun, Melsungen, Germany) was infused intravenously by means of this catheter to compensate for uid losses.
A 20-gauge cannula (Abbocath-T, Abbott, Sligo, Ireland) was placed in both carotid arteries. The Paratrend 71 sensor (Diametrics Medical, High Wycombe, UK) was advanced into the thoracic aorta via the left carotid artery allowing the tip to oat freely in the aortal lumen. The sensor has, according to the manufacturer, a precision of 6 0.03 units for pH values between 6.8 and 7.8, a precision of 6 0.4 kPa for pCO 2 values between 1.3 and 10.6 kPa and of 6 10% for pO 2 values between 2.7 and 66.5 kPa. In vivo drift was observed to be 0.001 pH units/h, 0.019 kPa/h for pCO 2 and 0.004 kPa/h for pO 2 (Coule et al. 2001) . The right carotid artery was used for intermittent arterial blood sampling and blood gas analysis (ABL3, Radiometer, Copenhagen, Denmark). In addition, arterial and central venous pressures were measured continuously by pressure transducers (Statham, PD23, Gould, Cleveland, OH, USA). Body temperature was maintained above 37.5°C by a heating pad and a warm air ventilator (bair hugger, Augustine Medical, Eden Prairie, MN, USA).
Experimental protocol
After placement of the sensor, a 15 min stabilization period was allowed before the monitor was calibrated in vivo with an arterial blood gas sample (ABL3, Radiometer, Copenhagen, Denmark). To study a wide range of arterial pO 2 values the inspiratory oxygen concentration was varied stepwise every 20 min between 0.1 and 1.0. Arterial pCO 2 was varied by applying different respiratory rates (45-90 breaths/min). At the end of each period paired blood gas measurements were performed. Arterial blood gas samples (0.5 ml) were analysed within 2 min after withdrawal, at 37°C and without temperature correction. To compensate for loss of circulating blood volume, 0.5 ml of saline solution (0.9%) was given after withdrawal of an arterial blood sample.
Statistical analysis
To compare continuous (Paratrend 71 ) and intermittent (Radiometer) arterial bloodgas determinations, we applied linear regression analysis as well as Bland-Altman analysis (Bland & Altman 1986 ). The hydrogen ion concentration was calculated from pH 5 log [H1 ] . We calculated the bias (the mean difference between the paired measurements) and the degree of imprecision (the standard deviation) for each variable.
Results
The sensor could be placed without complications or haemodynamic side effects, despite the small size of the arterial vessels of the rats. Once the sensor had been placed, no further manoeuvres were necessary. Only in one animal had the sensor to be replaced, twice, because of sensor malfunction due to kinking of the tip during advancement from the carotid artery into the thoracic aorta.
We analysed 136 paired blood gas determinations. During the measurement period, a total of 3.1 6 0.8 ml of arterial blood was removed in multiple samples (0.5 ml each) and replaced by a saline solution. Our experimental protocol resulted in a drop of mean haemoglobin concentration of 13.8 6 0.6% at the beginning of the measuring period to 8.6 6 1.3% at the end of the experiments.
During variation of the inspiratory oxygen concentration and arterial pCO 2 the observed pO 2 values ranged from 5.3 to 76.8 kPa, the pCO 2 values from 2.9 to 9.9 mmHg and the pH values from 7.12 to 7.50. The linear regression analyses showed an acceptable correlation between continuous and conventional blood gas measurements for pO 2 (r 2 5 0.98), pCO 2 (r 2 5 0.96) and pH (r 2 5 0.92), see Fig 1. The calculated bias and imprecision for pO 2 was 2 1.0 6 3.3 kPa, for pCO 2 0.04 6 0.28 kPa and for the hydrogen ion concentration 2 0.05 6 2.2 nmol/l, see 
Comment
Previous studies addressing continuous intravascular blood gas monitoring have shown an acceptable accuracy in adult (Zimmerman & Dellinger 1993 , Abraham et al. 1996 , Venkatesh & Hendry 1996 as well as paediatric patients with a body weight as low as 2.7 kg (Hatherill et al. 1997 , Weiss et al. 1999 , Coule et al. 2001 . In these studies, the sensor was placed by means of a 20-gauge cannula in a radial or femoral artery.
We evaluated the applicability of such a photochemical blood gas sensor (Paratrend 71 ) in anaesthetized rats. For this purpose, we introduced cannulas in both carotid arteries and used the right carotid artery to sample blood for intermittent analysis and the left carotid artery to advance the blood gas sensor into the descending aorta. With the exception of one animal these placements were performed without technical problems. During the experimental protocol, multiple arterial blood samples were drawn and replaced by saline solution resulting in a decrease in haemoglobin concentration of about onethird (from 13.8 6 0.6% to 8.6 6 1.3%). Mean total exchanged blood volume was 3.1 ml which represents about 12% of the circulating blood volume of the rats. This calculation is based on the assumption that the circulating blood volume of a 250 g rat accounts for 64 ml/kg. Nahas et al. (2000) have shown that the collection of up to 20% of the circulating blood volume over 24 h did not affect the welfare of rats. Since we replaced the sampled volumes by saline solution our experimental protocol should have resulted in circulatory effects within the physiological ranges.
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Laboratory Animals ( The main nding of our study is that in individuals of this size, arterial pO 2 , pCO 2 , and pH can also be measured continously with acceptable accuracy with an intraarterial blood gas sensor placed by means of a cannula in a carotid artery into the descending aorta. The correlation coefcients, as well as the values for bias and precision of the pCO 2 and pH measurements, were comparable to results obtained in larger animals (Zimmerman & Dellinger 1993 , Abraham et al. 1996 , Venkatesh & Hendry 1996 , Hatherill et al. 1997 , Weiss et al. 1999 , Coule et al. 2001 ). The differences in pO 2 measurements between continuous and intermittent analyses appeared to be somewhat higher in our study (1.0 kPa) than in previous results (up to 0.78 kPa). One possible explanation may be a phenomenon called the 'wall effect' (Mahutte et al. 1990) which occurs when the sensor has direct contact with the vascular wall and cannot oat freely. In this case, the measured value represents the gas tension from the blood as well as in the tissue surrounding the artery. It is possible that this phenomenon occurs more often in smaller animals with smaller vessels. A further explanation might be a reduction in blood ow at the tip of the sensor. Since we did not observe changes in arterial blood pressure during advancement of the sensor it is unlikely that a reduction of blood ow explains the bias of pO 2 measurements in our study. A third explanation might be the formation of a small thrombus at the tip of the sensor in proximity to the optical elements. Such clots can interfere with the gas permeability of the sensor membrane. To minimize clot formation we rinsed the cannula containing the sensor intermittently with small amounts of heparinized saline.
In conclusion, we suggest that intravascular photochemical sensors like the Paratrend 71 are useful monitors of gas exchange in rats, for instance during studies on lung injury and its treatment options. The sensor can be placed without technical problems, and measures arterial blood pO 2 , pCO 2 and pH with acceptable accuracy and reproducibility.
